Ps230 is the largest representative of a 10-member family of proteins found in all Plasmodium species. The family is defined by partially conserved, cysteine-rich double domains that are Ϸ350 aa in length and have one to three predicted disulfide bridges in each half. In Plasmodium falciparum, the most dangerous human malaria, Pf12 is the smallest member of the family, comprising just one double domain. Pfs230, with 7 double domains, and Pfs48͞45 and Pfs47, with 1.5 double domains each, are found on the gamete surfaces and are thus potential candidates for a transmissionblocking vaccine. Fold prediction analyses of the double domains in Pfs230 reveal structural resemblance to SAG1 (surface antigen 1), a surface protein with a double ␤-sandwich structure from another apicomplexan parasite, Toxoplasma gondii. Template-directed modeling onto SAG1 clearly establishes the structural link between SAG1 and Pfs230 and produces positions for the cysteines that accord with the disulfide-bonding arrangement predicted for the Pfs230 family in earlier work. A highly clustered region of polymorphisms within the second double domain in Pfs230 maps to one side of the sandwich surface. This observation suggests that this region may be functional and reinforces the validity of these molecular models for the core domains of the Pfs230 family of proteins.
M
alaria parasites of Plasmodium species infect a wide range of reptilian, avian, and mammalian hosts. To complete its life cycle, the malaria parasite alternates between human and mosquito hosts. During a human Plasmodium falciparum infection, parasites multiply asexually within the red blood cells every 2 days, causing the disease pathology. Some forms, however, enter a nonpathogenic sexual phase by developing over 10-14 days into male and female gametocytes. When ingested by a blood-feeding mosquito, the gametocytes emerge from the red cells as extracellular male and female gametes in the mosquito midgut, where they fertilize to form a zygote. The zygote transforms into large numbers of infective progeny, the sporozoites, which infect a new human host when the mosquito takes a blood meal.
The Ps230 proteins belong to a family unique to Plasmodium species (1, 2) . A search of the complete sequence of the P. falciparum genome identified 10 genes conforming to the characteristics of the family, comprising 6 that are expressed in sexual stages (Pfs230, Pfs230p, Pfs48͞45, Pfs47, Pfs36, and Pfs38), 2 in asexual stages (Pf41 and Pf12), and the remaining 2 (Pfs36p and Pfs12p) of as yet unknown stage specificity. Corresponding sets of homologous proteins have been found in other Plasmodium species. Both Ps230 (A. Waters, personal communication) and Ps48͞45 (3) have been shown to have a male gamete-specific function presumed to involve ligand interactions in fertilization. Another member of the family, Ps47, may fulfill the corresponding female gametespecific function in fertilization (A. Waters, personal communication). Pfs230 and Pfs48͞45 are targets of malaria transmissionblocking antibodies in P. falciparum (4) (5) (6) (7) (8) (9) (10) (11) .
The primary structure of proteins in the Ps230 family is characterized by a unique pattern of conserved cysteine residues (here, termed Cys positions) defined by a repeated pattern of associated, strongly conserved amino acid motifs (12) . Interspersed between the short motif regions are substantial regions of very divergent sequence ranging in length from 7 to 160 aa. In 1995, Carter et al. (12) proposed that the Ps230 proteins are built up of unit domains and predicted a conserved set of disulfide bonds within each domain. According to this postulate, the conserved Cys positions form bridges between the following pairs: Cys 1 and 2, Cys 3 and 6, and Cys 4 and 5 (as in the cartoon representing Pf12 in Fig. 1b) .
The repeating unit found in these proteins shows the characteristics of a double domain consisting of two structurally similar parts with distinct characteristics (12) . The two parts are termed A-and B-type domains in Fig. 1a . Pf12 can be viewed as the archetypal representative of the family with only one double domain (domains I ϩ II) (Fig. 1b) . In this report, we will refer to the regions encompassing such double domains as PGSH (Plasmodium gamete surface homology) fragments. Neither the predicted disulfidebonding patterns in the Ps230 family of proteins nor their structural organization as double domains have yet been confirmed, or contradicted, by direct experimental data. Attempts to express and purify these proteins with conformational integrity have met with limited success (14, 15) .
If homology can be established between a protein of interest and another whose 3D structure is already known, a model can be generated computationally by using the known structure as a template and aligning the target protein sequence optimally onto the structural scaffold presented by the template. This procedure is known as ''comparative modeling.'' Even if an evolutionary relationship is not detectable by straightforward sequence comparison, comparative modeling strategies are justified in cases where valid modeling templates can be identified confidently through other means. Prominent examples where the recognition of a suitable template fold led to correct function predictions before a crystal structure became available include the postulates that leptin dimerizes (16) and the prediction of ATP-binding͞hydrolytic activity in the N-terminal domain of heat shock protein Hsp90 (17) . More recently, fold recognition-based proposals regarding the catalytic mechanisms of the insecticide-transforming bacterial protein LinA (18) and the DNA repair enzyme AlkB (19) have been published alongside experimental evidence corroborating these predictions (18, 20, 21) . Here, we present a computational prediction of the structures of Ps230-like proteins that independently supports the disulfide-bonding organization proposed by Carter et al. (12) , whilst it is itself supported by the structural organization proposed independently in the same report.
Methods
Fold Recognition and Template Identification. Ps230 protein fragments comprising each double domain exactly as defined in Carter et al. (12) were first submitted individually to the Bioinfo.plMetaserver (ref. 22 ; www.bioinfo.pl͞Meta) for fold prediction. Bioinfo interrogates 10 individual fold prediction servers automatically and applies a consensus program (3D-JURY) to look for similarities between the model lists that are returned. Although the strategy is by no means infallible, fold predictions obtained in this way have proven to be much more accurate than those made by any single server (23) . None of the seven initial 3D-JURY results (obtained in July 2003) revealed a strong preference for any particular template structure or fold.
However, a single known structure, Protein Data Bank ID code 1KZQ (24) chain A (1KZQA) emerged as having a predicted structural relationship with all seven PGSH fragments in Pfs230, albeit sometimes with low prediction scores and outranked by other folds in the individual 3D-JURY lists. Moreover, 1KZQA ranked first on the basis of the sum of scores obtained by each structure in the model lists for all seven fragments: 24.1. 1KZQ is the crystal structure of SAG1 (surface antigen 1), the major surface antigen protein from Toxoplasma gondii. At present, no other structures are known that closely resemble 1KZQA (24) , although a distant fold similarity to the cupredoxins has been recorded in the Structural Classification of Proteins database (refs. 24 and 25; http:͞͞ scop.mrc-lmb.cam.ac.uk͞scop).
The closest competitors to SAG1 in our initial fold analysis were two structures adopting the well described Ig fold, of the two N-terminal domains of intercellular adhesion molecules 1 and 2, respectively (PDB ID codes 1IAM and 1ZXQ; summed 3D-JURY scores are 17.0 and 15.4). This fold was represented in the 3D-JURY lists for five of the seven PGSH fragments. It was initially considered as a possible alternative to SAG1 for modeling but was later abandoned (as described in Results and Discussion).
Our first efforts to produce a target-template alignment by matching the predicted secondary structure for the PGSH fragments with 1KZQA (see below) revealed that the initially chosen fragment boundaries would have to be extended at the C terminus by ϳ15 aa. Otherwise, they would be lacking an equivalent to the C-terminal ␤-strand of 1KZQA (␤9Ј in Figs. 2a and 3), which is a central component of the SAG1 ␤-sandwich structure in the second domain. Indeed, the secondary structure predictions for the flanking regions of the PGSH fragments revealed a ␤-strand immediately after all fragments, according to their originally defined boundaries (12) .
A follow-up analysis with the so-corrected PGSH fragment boundaries of Pfs230 in March 2005 and of Pfs47, Pfs48͞45, and Pf12 in July 2005 revealed much higher 3D-JURY scores for 1KZQA (99.0 for Pf12, Ͼ50 for both Pfs471 and Pfs48͞451, and between 72.6 and 22.4 for the Pfs230 fragments). Moreover, 1KZQA ranked first in the prediction results for all but one of these submissions, further supporting both our template selection and the C-terminal extension of the original PGSH fragments.
Secondary Structure and Disorder Prediction for PGSH Fragments.
Individual PsiPred secondary structure predictions (26) were extracted from the 3D-PSSM server (www.sbg.bio.ic.ac.uk͞ϳ3dpssm) returns for all PGSH fragments and arranged according to their multiple sequence alignment (see below). A consensus structure prediction was derived by applying a simple majority rule to each alignment position, with respect to three secondary structural states: ␣-helix, ␤-strand, and neither. Secondary structure predicted in this way is generally deemed to be part of the compact fold shared by all aligned sequences (the protein core), although the exact boundaries of each segment cannot be regarded as precise. To investigate whether the extensive regions for which no consensus was obtained (and which are presumed to lie outside the protein core) might be flexible, submissions were made to the disorder prediction servers GlobPlot (ref. 27 ; http:͞͞globplot.embl.de͞) and DISOPRED (ref. 28 ; http:͞͞bioinf.cs.ucl.ac.uk͞disopred͞ disopred.html), but we were unable to extract a consistent answer from their returns.
Template-Target Sequence Alignment. The pairwise alignments between SAG1 and individual Ps230 sequence fragments proposed by the automated fold recognition methods displayed local differences (e.g., with respect to gap positions) and were deemed too inconsistent to be used directly for modeling.
As the basis of more precise template-target alignments, a multiple sequence alignment of all PGSH fragment sequences in Pfs230, Pfs47, Pfs48͞45, and Pfs12 (with adjusted boundaries; see above) was generated by using T-COFFEE (29) . Minor manual adjustments were made to uphold conservation of the motif regions described by Carter et al. (12) . The predicted consensus secondary structure derived from this alignment of PGSH fragments was matched with the secondary structure of SAG1 (1KZQA) to obtain approximate template-target alignments over the full length of the structure. These alignments were then adjusted locally with careful consideration for matching PGSH fragment positions predicted to be water-accessible (i.e., exposed on the protein surface) and buried in ␤-strands [using the method of Benner et al. (30) ], with residues in the corresponding SAG1 ␤-strands pointing outward and inward, respectively.
Each of the two ␤-sandwiches in the template fold contains one region (in between strands ␤4a and ␤6 and strands ␤4aЈ and ␤6Ј, respectively, in Fig. 2a ) in which the structure appears less regular than elsewhere (see also Supporting Materials and Methods, which is published as supporting information on the PNAS web site). In these regions, the exact template-target alignments were not obvious due to substantial sequence divergence and some variation in the predicted secondary structures. The obvious connection points for the cysteines within these regions (Cys positions 4 and 4Ј) were Cys positions 5 and 5Ј (see Results and Discussion). Thus, we chose to optimize the template-target alignments locally here, so that when models were produced based on the final template-target alignments, the pairs of cysteines in these less regular regions would be brought together close enough that disulfide bonds could be formed without distorting the remaining core structure.
3D
Modeling. Coordinate models of all PGSH fragments contained in Pfs230, Pfs47, Pfs48͞45, and Pf12 were generated automatically by the program MODELLER 6 V2 (31) by extracting pairwise alignments between the template structure (1KZQA) and each target sequence from the master alignment shown in Fig. 3 . The patch instruction ''SSMODEL'' was given, which automatically recognizes pairs of proximal cysteine residues as potential disulfide bridges and applies mild constraints to retain this proximity and produce the most realistic models possible. Particularly large regions for which no template was available (8 aa or more; see Fig.  3 ) were excised from the target sequences before modeling to prevent mismodeling of the core parts. To bridge the resulting gaps, and for easy identification of the excision sites in the models, we replaced each of them with an Ala-Ala-Ala tripeptide (Fig. 4b) . Each modeling run produced 20 models, of which that with the lowest ''objective function'' score was chosen after visual inspection to rule out modeling errors such as crossing loops, etc. Side-chain conformation in this set of best MODELLER models was refined by replacing them by using SCWRL 3.0 (32) to yield the final models. The coordinates for all models described here are available from the authors on request.
Identification of Polymorphic Sites. Polymorphism-rich regions of Pfs230 and Pfs48͞45 (33) (34) (35) and the whole Pfs47 gene were sequenced from 24 clones from different geographical locations by using PCR amplification and direct sequencing (X. Z. Su, J. Mu, A.C., and R.C., unpublished data). The positions of all nonconservative amino acid substitutions with respect to the protein sequences from P. falciparum clone 3D7 (Swiss-Prot accession no. s230PLAFO and National Center for Biotechnology Information accession nos. NP705353 and NP705354) were mapped onto the relevant structural models.
Results and Discussion
Sequence-based structure prediction is generally strengthened significantly by the consideration of homologous proteins. In this study, we have focused on the paralogous sequence repeats (PGSH fragments) found in Pfs230 (7 occurrences), Pf12 (1 occurrence), and Pfs47 and Pfs48͞45 (1.5 occurrences each). Their aligned sequences provided the foundation for this analysis. Our principal findings (namely, the predicted fold and disulfide-bonding connectivity) apply also to other members of the protein family of Ps230-like proteins in P. falciparum and other Plasmodium species.
Fold Prediction Reveals a Possible Resemblance Between Ps230-Like
Proteins and T. gondii SAG1. Our analyses using automated server methods for protein fold prediction identified chain A of the T. gondii surface protein SAG1 (ref. 24 ; 1KZQA) as the best potential structural match in the database for Pfs230 and proteins adopting Ig-like folds as less probable alternatives (see Methods). SAG1 consists of two similar ␤-sandwich domains arranged in tandem. The fold of these domains differs from that of the much more common antiparallel greek-key ␤-sandwiches (which is adopted, for example, by Ig domains). Above all, each SAG1 domain contains two parallel strand pairs (␤2 and ␤9, and ␤2aЈ ϩ bЈ and ␤9Ј in Fig.  2a) . By contrast, Ig-like ␤-sandwiches are antiparallel throughout. Another interesting feature of the SAG1 structure is that the (24) is as follows: ␤a ϭ ␤1, ␤1bЈ; ␤aЈ ϭ ␤1aЈ; ␤b ϭ ␤2, ␤2Ј; ␤c ϭ ␤3, ␤3Ј; ␤d ϭ ␤6, ␤6Ј; ␤e ϭ ␤7, ␤7Ј; ␤f ϭ ␤8, ␤8Ј; ␤g ϭ ␤9, ␤9Ј. Disulfide bonds are shown as circles linked by straight lines (filled circles for links in 1KZQA that are also predicted in Pf12; open circles for noncorresponding links). Asterisks mark common insertion sites in the Ps230-like protein family.
tandem arrangement of the two domains is achieved through a break in ␤-strand ␤1Ј in the second domain (␤1aЈ and ␤1bЈ in Fig. 2a) .
To evaluate the validity of the SAG1 fold prediction with respect to the alternative possibility of an Ig-like fold, we fitted the amino acid sequences of each of the suggested template structures individually to a multiple sequence alignment of all PGSH fragments in Pfs230, Pfs48͞45, Pfs47, and Pf12. Pf12 is the archetypal protein of the family. It has six cysteines in each of its two domains representing the PGSH fragment, and both domains are of moderate length. We considered primarily secondary structure, and the water accessibility (exposed͞buried) of amino acid side chains in this task (see Methods for details). Template-target alignments derived manually in this manner are usually more accurate than those returned automatically by the fold prediction servers (36), especially if there is significant variation between different servergenerated alignments.
When 1KZQA is chosen as the template structure, the resulting sequence alignments between the template (SAG1) and the targets (PGSH fragments) align four of the six strongly conserved Cys positions on each domain with template positions that are in close proximity on the structural scaffold (Fig. 2b) , although they are not (12) are highlighted in green and numbered; disulfide-forming cysteines in SAG1 (and presumably other SAG1-related sequence proteins, by homology) (24) that are not conserved in the Ps230-like proteins are colored light blue. Numbers in brackets denote the number of amino acid residues in each long insertion that were not modeled (see Methods). Shading of the PGSH fragment sequences reflects Ͼ80% (orange) and Ͼ60% (yellow) sequence similarity among them by using GENEDOC (www.psc.edu͞biomed͞genedoc) with similarity groups (DENQH, SAT, KR, FY, and LIVM). The six polymorphic sites in Pfs2302 within the core of domain IV are marked in red (H1159, Y1194, Q1196, N1209, Q1250, and K1254). Two additional polymorphic sites in this domain (E1152 and H1180) are located in long insertion segments, which is indicated by the use of a red font where the number of missing amino acids is indicated. necessarily occupied by cysteines in SAG1. In the Ps230-like proteins encompassing the PGSH fragments these positions are believed to form disulfide bridges. This expectation is of great importance for two reasons. First, the Cys positions do not line up in proximal pairs in the models when a structure adopting an Ig-like fold is chosen as a template. This fact corroborates the predicted protein fold similarity between SAG1 and the PGSH fragments and thus supports its crystal structure 1KZQA as the evident best template structure in the database for modeling. Additional confidence in this choice can be drawn from the relative ease with which a satisfactory template-target alignment was obtained by using the SAG1 sequence (the optimal alignment was much less clear with the alternative template sequences) and also from the better accord of the secondary structure of SAG1 with the predicted secondary structure for the PGSH fragments.
Second, the proximal Cys pairs on the double domain scaffold, namely Cys 1 and Cys 2, Cys 3 and Cys 6, Cys 1Ј and Cys 2Ј, and Cys 3Ј and Cys 6Ј (see Fig. 2b ), provide an implicit prediction of disulfide bridge connectivity, because the remaining two Cys positions on each domain can also be presumed to connect (Cys 4 and Cys 5, and Cys 4Ј and Cys 5Ј). This prediction is in complete agreement with the disulfide bridges proposed by Carter et al. (12) in 1995, although it was arrived at independently [only the original PGSH fragment boundaries and the motif regions defined in the 1995 study (12) have influenced this analysis, not the postulated disulfide bridges].
Comparative Modeling Suggests Different Disulfide Bridges in SAG1
and the PGSH Double Domain Fragments. Of the (maximally) six pairs of proximal Cys positions in each PGSH fragment, only the second and the fifth pairs coincide with the disulfide bridges found in SAG1 (Fig. 2a) . This finding is somewhat unexpected because of the high conservation of the positions of the disulfide bridge-forming cysteine pairs between the two domains of SAG1 and throughout the family of SAG1-related sequence proteins (24) . The positions of cysteine pairs are likewise sufficiently conserved in the Ps230-like proteins to define this otherwise highly divergent family (4, 12) . However, the absence of one, or even two, of the characteristic cysteine pairs in some Pfs230-like protein domains (Fig. 1) indicates that they are unlikely to all be essential for maintaining the common fold. Comparable changes to disulfide bond connectivity and location have been reported for other examples of proteins with a common fold. For example, differences between the disulfidebonding patterns in Ig subtypes C1 and C4 are apparent from the distinct locations of conserved cysteines in their sequence alignment (37).
Molecular Models for the Cores of Recurrent Pfs230-Like Double
Domains. The core of the ␤-sandwich fold adopted by both domains of the SAG1 structure is well packed and regular. Moreover, the spatial proximity required for forming a disulfide bridge limits the number of valid locations on the structural scaffold for the bonding cysteine residues, which helps to ''anchor'' the target-template alignments. As a consequence, generating accurate PGSH fragment models through comparative modeling with SAG1 is feasible overall, despite the fact that their sequence similarity is slight (Ͻ20% amino acid identity between any PGSH fragment and SAG1 pair when their sequences are aligned by a standard program).
The alignment of the SAG1 sequence fitted to the PGSH fragment sequences that were considered in this analysis is shown in Fig. 3 . Short stretches of similar sequence between the template and individual PGSH fragments can be found scattered throughout the alignment, notwithstanding that the proportion of identical amino acids in each template-target pair is small even within the core fragments (between 9% and 14%). This fact suggests that the matched regions are generally structurally compatible with each other. One stretch of particularly compelling local sequence similarity between SAG1 and several members of the Ps230 family coincides with one of the motif regions defining the Ps230 family (12) and surrounds the third conserved Cys position (Cys 3 in Fig.  3 ). This position is matched with the second cysteine residue in SAG1, and it is intriguing to note that this residue is part of one of the two disulfide bridges that are conserved between the SAG1 and Ps230 families.
Based on the alignment shown in Fig. 3 and the crystal structure coordinates for SAG1 (ref. 24; 1KZQA), 3D coordinate models were produced of all PGSH fragments in Pfs230, Pfs47, Pfs48͞45, and Pf12. As expected, the models follow the scaffold structure closely. A detailed structural discussion of the 3D models can be found in Supporting Materials and Methods.
One of the most interesting questions that can be addressed with these models is whether the structural resemblance between SAG1 and the PGSH fragments indicates similarities with respect to their functions. SAG1 has been predicted to bind sulfated proteoglycan molecules in a groove on the homodimeric molecular surface lined with basic amino acids (24) . Inspection of the electrostatic potential at the corresponding surface sites in our models with the program GRASP (38) showed that the strong basicity in the SAG1 structure is not conserved in the PGSH models. Therefore, it seems improbable that the PGSH protein fragments should bind proteoglycan molecules.
Polymorphic Sites in Pfs230 Map to One Side of the Protein Surface.
Sequencing of the complete gene encoding Pfs230 from different isolates of P. falciparum showed 27 sites of nonsynonymous poly- morphism. When mapped onto the PGSH fragments, eight sites (marked red in Fig. 3) are located in the Pfs2302 B-type domain, or domain IV (Fig. 1) (33) . Linkage disequilibrium was found among the P. falciparum isolates (A.C., R.C., and H. Babiker, unpublished data) and could reflect selection pressure for sequence variation within this domain.
In the model, amino acids at all eight sites map to positions that point their side chains toward the surface of the protein, available for intermolecular interactions. Five of the sites map to a confined region on the same side of the ␤-sandwich in the model (Fig. 4b) . Although they are distributed over much of the length of the domain IV sequence, the polymorphic sites appear to loosely outline a contiguous surface region on the model. If these polymorphisms were to reflect evolutionary pressure connected with the roles of Pfs230 and Pfs47 as ligands for fertilization, then the affected regions within each of these two molecules might represent relevant sites with respect to the interaction of male and female gametes. It is interesting in this context that the polymorphic surface region shown in Fig. 4b is adjacent to, but does not overlap on our model with, the interface between the two subunits of the SAG1 homodimer (24) .
Conclusions
To the best of our knowledge, these models represent the first available source of tertiary structural information for any member of the Ps230-like protein family. The template-target alignments between SAG1 and the proteins underpinning our models provide an independent prediction of the disulfide-bonding pattern within each of the repeated units in Ps230-like proteins. This prediction was found to be in exact agreement with the disulfide-bonding pattern predicted previously for members of this family (12) , although this prediction had not been allowed to influence the predictive analyses reported here at any stage. In turn, other predictions made by Carter et al. in ref. 12 (namely, the conserved motif regions that had been identified between the units and the approximate boundaries of each unit) aided our analyses.
Presuming the presence of disulfide bridges within the target protein fragments was helpful in resolving ambiguities regarding the exact position of one of the conserved cysteine positions defining this protein family. Disulfide bond formation, which is common in surface proteins, was also assumed when molecular models were produced based on the template-target alignments. As expected for template-based coordinate models, the modeled core regions closely resemble the SAG1 structure used as a template and provide a means for visualization of sequence features, such as mutation and polymorphism data, in three dimensions. However, based on our models, we conclude that the structural resemblance between the Ps230-like proteins and the SAG1-related sequence (SRS) family (to which SAG1 has been associated) is very unlikely to extend to their molecular functions.
The awareness of structural similarities between the Pfs230 family and the SRS proteins could provide valuable clues for determining the structures of Ps230 proteins experimentally. If crystal structures of one or more of the modeled structures become available in the future, they will probably reveal subtle differences between the Ps230-like double domain scaffold and the structure of SAG1 that are not tractable through modeling at this point. Once such high-resolution information becomes available for any family member, the resolution of models for all members of the family can be improved, and the proportion of reliably modeled regions can be increased.
We can expect that the information from the present and future structural models of the Ps230-like proteins of malaria parasites will provide essential insights into their functions in, for example, fertilization. Structural knowledge will also greatly accelerate our understanding of these proteins as targets of immunity. Together, this increased comprehension should ultimately contribute to the proteins' development for mosquito-stage malaria transmissionblocking vaccines.
